Wild flowers, and in particular, nectar of flowers, have been shown to be a rich reservoir of yeast biodiversity. In a taxonomic study of yeasts recovered from floral nectar in Morocco, nine strains were found to represent a novel species. Morphological and physiological characteristics and sequence analyses of the D1/D2 region of the large subunit rRNA gene as well as the internal transcribed spacer region showed that the novel species belonged to the genus Metschnikowia. with the striking similarity of their 'aeroplane' cells morphologies and the lack of utilization of the a-glucoside trehalose. The ecology of these novel species and its probable endemicity are discussed.
INTRODUCTION
Wild flowers are a rich reservoir of yeast biodiversity [1] [2] [3] [4] , and an increasing number of yeast species has been isolated exclusively from flowers and the flower-insect interface worldwide [5] [6] [7] [8] [9] [10] [11] [12] [13] . In particular, floral nectar, a complex biological fluid containing mainly sugars and amino acids, has been shown to be an important source for the isolation of yeasts [14] . Yeasts are introduced into the floral nectar by pollinators and are dispersed when floral visitors carry them from one flower to another when foraging for nectar [15] [16] [17] . However, floral nectar represents a harsh environment due to its high osmolarity and presence of antimicrobial substances [18, 19] . Thus, despite there being more than a hundred species of basidiomycetous and ascomycetous yeasts isolated from nectar [1, 3, 14, [20] [21] [22] [23] [24] , only osmotolerant and fermentative species, mostly Ascomycetes, are capable of proliferating successfully in this substrate [2] . Ascomycetous yeast species recovered repeatedly from floral nectar and their associated insects mainly belong to the genera Kodamaea, Starmerella, Wickerhamiella and Metschnikowia [25] .
The genus Metschnikowia consists of some 80 species, including asexual species assigned to the genus Candida [26] . More than half are floricolous species associated with insects, in particular flies, beetles and bees [23, 27, 28] . Broad geographic distributions are observed in only a few species, such as in the cosmopolitan nectar-specialist Metschnikowia reukaufii. Most species feature a restricted distribution, many being endemic to regions in the Neotropics, Hawaii, Asia, Africa and Australia [23, 26] . Some species of flower-insect interface-associated yeasts appear to be highly specialized as they are restricted to small areas. For example, Metschnikowia cerradonensis is known only from a small area of the Brazilian Cerrado [29] , Metschnikowia drakensbergensis from the Drakensberg mountains of South Africa [11] and Metschnikowia hawaiiensis, Metschnikowia hamakuensis, Metschnikowia kamakouana and Metschnikowia mauinuiana have never been recovered outside of the Hawaiian islands [30] . Collecting efforts have not been uniform and, to date, large geographical regions of the world remain unexplored mycologically, and probably harbour many undiscovered species [14] .
During a study of yeasts associated with flowers in Morocco, nine strains of a new yeast species were isolated from floral nectar of different bee-pollinated species. Sequence analyses of the D1/D2 region of the large subunit rRNA gene as well as the internal transcribed spacer (ITS) region showed that the novel species belonged to the Metschnikowia clade and was phylogenetically distinct from any currently recognized species. Its closest described relatives are Metschnikowia gruessii, Metschnikowia vanudenii and Metschnikowia lachancei. Here, we describe the novel species as Metschnikowia maroccana f.a., sp. nov. (EBDCdVMor24-1  T =CBS  15053 T =NRRL Y-63972 T ).
METHODS Collection
The origins of the strains considered in this study are described in Table 1 
Strain isolation and characterization
Nectar samples were collected from each flower in the field with a sterile microcapillary pipette, and diluted in 500 µl sterile MilliQ water. Twenty-five microlitres of each nectar dilution was streaked with a sterile loop onto yeast malt agar plates (YM; 2.0 % agar, 1.0 % glucose, 0.5 % peptone, 0.3 % malt extract, 0.3 % yeast extract, pH 6.0) with 0.01 % chloramphenicol. Plates were incubated at room temperature (20) (21) (22) (23) (24) C) for 3-6 days. A representative colony of each different morphotype was purified by repeated streaking on solid medium and preserved at À80 C in 10 % glycerol or using the Microbank system (Pro-Lab Diagnostics) for later identification.
Cultures were characterized by the standard methods of Kurtzman et al. [31] . Dalmau plates were prepared using yeast carbon base agar supplemented with 0.01 % yeast extract (YCBY) and 1.5 % agar. Mating compatibility was investigated for all isolates by mixing pairs of cultures on diluted (1 : 9 and 1 : 19) V8 medium. Cultures were incubated at room temperature (20) (21) (22) (23) (24) C) and examined periodically by phase-contrast microscopy for the formation of zygotes, asci and ascospores up to 8 weeks.
DNA sequencing and phylogenetic analysis
The internal transcribed spacer (ITS) and the D1/D2 regions of the large subunit rRNA gene were amplified by PCR following the methods of Kurtzman and Robnett [32] and Lachance et al. [33] . Amplification was performed with yeast cells grown on YM agar for 2 days. A loopful of culture was resuspended in 500 µl sterile MilliQ water. DNA was obtained by freezing the suspension in liquid nitrogen for 5 min, followed by a 5 min heat shock at 100 C [34] . The primer combinations ITS1 and ITS4 [35] as well as NL1 and NL4 [32] were used for the amplification of the ITS and D1/D2 regions, respectively, in separate reactions. PCR Table 1 . Origin of strains used in this study Strain accession numbers are those in the yeast culture collection of the Evolutionary Ecology Department, Doñana Biological Station, Spanish National Research Council, CSIC (EBD), the Yeast collection of the Westerdijk Institute, Utrecht, The Netherlands (CBS), and the USDA ARS Culture Collection, Peoria, IL, USA (NRRL).
Metschnikowia maroccana strains
Isolation source GenBank no. D1/D2 Sequences were assembled and edited using Sequencher 4.9 (Gene Codes). The sequences of the D1/D2 and ITS regions were aligned with type strain sequences from related species (retrieved from the NCBI GenBank database) using MUSCLE [36] . Related species used in this study included Metschnikowia and Candida strains of the different subclades of the phylogenies based on one or a few genes of Lachance [37] and Guzm an et al. [23] plus a few recently described species. The alignments included 44 strains for the sequences of the D1/D2 region and 38 strains for the sequences of the ITS region. The accessions of Candida asparagi CBS 9770 T (AY106306) and Candida melibiosica CBS 5814 T (U44813) were used as outgroups. The final D1/D2 and ITS datasets contained, respectively, 649 and 474 aligned positions. The alignment was used to reconstruct phylogenetic relationships using the neighbour-joining (NJ) method [38] . The analyses were performed in MEGA6 [39] using Kimura's twoparameter distance correction [40] . Bootstrap values [41] were obtained from 10 000 random resamplings.
RESULTS AND DISCUSSION
The 40 nectar samples yielded 23 yeast isolates, including M. reukaufii (N=12), M. gruessii (N=2) and nine strains representing an undescribed species in the Metschnikowia clade. Comparisons of the sequences of the D1/D2 and ITS regions assigned those nine isolates to a novel yeast species that we describe here as Metschnikowia maroccana f.a., sp. nov. (Tables 1 and S1 , available in the online version of this article). M. maroccana was recovered from nectar of T. pseudochamaepitys, T. polium and G. italicus (Table 1 ) differed in the D1/D2 complete sequence by two gaps from strains EBDCdVMor15-1, EBDCdVMor22-1, EBDCdVMor25-1 and EBDCdVMor35-1, which have identical sequences, by one substitution and one gap from strains EBDCdVMor12-1, EBDCdVMor13-2 and EBDCdVMor14-1, which have identical sequences, and by one nucleotide and two gaps from strain EBDCdVMor23-1. M. maroccana is also polymorphic in the ITS sequences examined. The type strain EBDCdVMor24-1 T and EBDCdVMor13-2 were identical, and differed in the complete ITS sequence by one nucleotide from strains EBDCdVMor15-1, EBDCdVMor22-1, EBDCdVMor23-1, EBDCdVMor25-1 and EBDCdVMor35-1, which had identical sequences, and by two nucleotides from strains EBDCdVMor12-1 and EBDCdVMor14-1, which were identical.
Analysis of the D1/D2 region of the large subunit rRNA gene sequence revealed that M. maroccana fits within the Metschnikowia clade, forming a relatively well-supported subclade (bootstrap value 81 %) containing species associated with flowers and flower-visiting insects, including M. gruessii, M. lachancei and M. vanudenii (Fig. 1) .
The grouping of M. gruessii, M. vanudenii and M. lachancei into a separate subclade (M. gruessii clade, hereafter) agrees to a large extent with previous phylogenies based on proteincoding nuclear genes and the D1/D2 region of the large subunit rRNA gene [23, 37] . The close genealogical relationship of M. maroccana with the M. gruessii clade is also consistent with the striking similarity of their cells morphologies. In M. maroccana vegetative cells developed into 'aeroplane' or cross-like configurations (Fig. 2b, c) , a characteristic growth shared with M. gruessii and M. vanudenii. In addition, most of the growth characteristics of M. maroccana (Table 2) are typical of those of the M. gruessii clade, in particular the lack of utilization of the a-glucoside trehalose, which is broadly used by most Metschnikowia species but not those in the M. gruessii clade. M. maroccana also differs from its closest relatives by some assimilation responses (Table 2) , as assessed by standard methods used in yeast taxonomy [31] .
In M. maroccana, ascus formation was not observed when strains were grown individually or mixed pairwise in all possible combinations on dilute V8 agar. However, all previously known species included in the M. gruessii clade form ascospores in that medium [42, 43] . In M. vanudenii, asci initially developed from ellipsoid chlamydospores; in M. gruessii, asci initiated from an 'airplane' group of cells as well as chlamydospores; but in M. lachancei, asci developed directly from vegetative cells, and the species did not produce chlamydospores. The novel species is assigned to the genus Metschnikowia according to the new rules of the Melbourne Code [44] , but with the suffix f.a. (forma asexualis), as proposed by Lachance [45] to indicate that the sexual cycle is not known. 
Ecology
Metschnikowia species are ecologically specialized organisms usually confined to specific habitats or regions [23] . Most species are terrestrial and only species belonging to the M. bicuspidata clade are known to occur in association with sea water and marine organisms; some of the species have been recovered only from Antarctica or in the Arctic Ocean [26, 46] . The great majority of Metschnikowia species (more than 75 %) are associated with plants and their associated insects [37] . It has been postulated that dynamic habitat transitions with repeated and independent origins of angiosperm-associated habitats have been a crucial factor in the evolution of the Metschnikowiaceae [23] . Members of the large-spored Metschnikowia clade are strongly associated with beetles that interact with ephemeral flowers, most species being endemic to specific tropical localities [6, 27] , and species of the Metschnikowia pulcherrima clade are commonly recovered from the surface of fruits and plant- 
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Metschnikowia orientalis UWO(PS)99-733. associated insects [47] [48] [49] . The M. gruessii clade, including the newly described M. maroccana, is ecologically homogeneous as all the species exhibits a strong association with floral nectar and bee pollinators, and are also characterized by restricted geographical distributions. M. gruessii is clearly a European species, M. vanudenii is Canadian and M. lachanceii is Northeastern American. The available evidence points towards M. maroccana being engaged in a close relationship with plants and their associated bees and other insects in Morocco. The large number of nucleotide substitutions among species in the M. gruessii subclade and their occurrence in disjunct areas points to the possibility that there must be numerous undetected species that remain to be discovered.
Intense sampling efforts have been invested in recent years in Europe, especially in the South Iberian Peninsula, to analyse and characterize the yeast biota of nectar, with more than 2000 samples analysed. Metschnikowia gruessii and M. reukaufii, the other two species co-isolated with M. maroccana, have frequently been recovered from European nectar samples [1, 3, 21] . However the new species M. maroccana was never recovered there, despite the geographical proximity and taxonomic similarity of plants of the sampling sites. Metschnikowia maroccana was not recovered from most Moroccan populations analysed, being confined to populations in the Alhucema Bay of Morocco, highlighting its probable endemicity. Our study offers the previously suggested perspective that geographic distribution of nectar yeasts may be attributable to the geographic distribution of their plant hosts and the activity of specific pollinators [9, 14, 27] . In fact, these two factors together probably play an important role in speciation in the Metschnikowiaceae [23] .
DESCRIPTION OF METSCHNIKOWIA MAROCCANA SP. NOV. DE VEGA, ALBALADEJO AND LACHANCE
Metschnikowia maroccana (maroccana, ma.roc.ca¢na, N.L. fem. adj. maroccana, Moroccan, referring to the origin of the species in Morocco).
In yeast extract (0.5 %) glucose (2 %) broth after 3 days at 25 C, the cells are ovoid to ellipsoidal, occur singly, in parent-bud pairs, occasionally in short chains and often in an 'airplane' formation, whereby the buds at one end of the mother cell emerge perpendicularly to the main axis (Fig. 2b, c) . The cells measure 5-7Â8-15 µm. A sediment is formed after a month. On agar media, refringent chlamydospores (6-8Â10-12 µm) with usually two large oily droplets are formed (Fig. 2d) . On YM agar after 2 weeks at 17 C, colonies are convex and raised, glabrous, smooth, white and butyrous. Smaller colonies tend to contain a higher proportion of chlamydospores. Growth characteristics are shown in 
